The ability of selenium to protect cultured human coronary artery endothelial cells (HCAEC), human umbilical vein endothelial cells (HUVEC) and bovine aortic endothelial cells (BAEC) from oxidative damage induced by 100 µM t-butyl hydroperoxide (t-BuOOH) was compared. Preincubation of human endothelial cells for 24 h with sodium selenite at concentrations as low as 5 nM provided significant protection against the harmful effects of 100 µM t-BuOOH, with complete protection being achieved with 40 nM selenite. The preincubation period was required for selenite to exert this protective effect on endothelial cells. When compared with seleniumdeficient cells, the activities of cytoplasmic glutathione peroxidase (GPX-1), phospholipid hydroperoxide glutathione peroxidase (GPX-4) and thioredoxin reductase (TR) were each induced approx. 3-4-fold by 40 nM selenite. HCAEC and HUVEC showed great similarity in their relative abilities to resist oxidative damage in the presence and absence of selenite, and the activities of TR and the GPXs were also similar in these cell types. BAEC were more susceptible to damage by 100 µM t-BuOOH than were human endothelial cells, and could not be protected completely by incubation with selenite at concentrations up to 160 nM. The activity of TR in human endothelial cells was approx. 25-fold greater than that in BAEC of a similar selenium status, but GPX-1 and GPX-4 activities were not significantly different between the human and bovine cells. These studies, although performed with a small number of cultures, show for the first time that selenium at low doses can provide significant protection of the human coronary artery endothelium against damage by oxidative stress. TR may be an important antioxidant selenoprotein in this regard, in addition to the GPXs. The data also suggest that HUVEC, but not BAEC, represent a suitable model system in which to study the effects of selenium on the endothelium of human coronary arteries.
INTRODUCTION
Endothelial cells (EC) are constantly exposed to the possibility of oxidative damage from reactive oxygen sclerosis [1] [2] [3] . Cytoprotection against oxidative damage is generally the function of vitamins and enzymes with antioxidant actions. These antioxidant enzymes include superoxide dismutases, catalase and a range of selenoenzymes, such as the glutathione peroxidases (GPXs) [4] .
There is some evidence to suggest that selenium (Se) may prevent oxidative damage to EC, and thus protect against the development of atherosclerosis. For example, in humans low plasma Se levels have been associated with an increased risk of cardiovascular disease, including coronary atherosclerosis [4] [5] [6] . In addition, cultures of bovine aortic EC (BAEC) pretreated with sodium selenite are more resistant to oxidative damage induced by t-butyl hydroperoxide (t-BuOOH) or photogenerated oxidized low-density lipoprotein than are cells grown in Se-deficient medium [7] . This acquired resistance to oxidative damage in BAEC treated with selenite was attributed to increased activities of the selenoenzymes cytoplasmic GPX (GPX-1) and phospholipid hydroperoxide GPX (GPX-4) [7] . However, the involvement of other selenoenzymes with antioxidant actions, such as thioredoxin reductase (TR), was not investigated, since, at the time of the study, TR was not known to be a selenoenzyme [8] .
Ideally, EC isolated from human coronary arteries (HCAEC) would be the preferred model for studies relating to coronary atheromatous disease in humans. In practice, aortic EC isolated from animals are widely used in model systems ; alternatively, EC isolated from the human umbilical vein (HUVEC) are studied because of the accessibility of such tissues. However, HCAEC and HUVEC show differences in their production of angiotensin-converting enzyme [9] and their response to cytokine stimulation [10] . These observations have led to the suggestion that HUVEC may not be the most suitable model for studying human cardiovascular disease [11] [12] [13] . Similarly, we have found that the pattern of selenoprotein expression in (&Se-labelled BAEC is clearly different from the pattern expressed in HUVEC (S. Miller, S. W. Walker and G. J. Beckett, unpublished work), an observation which suggests that the published data regarding the ability of Se to confer resistance to oxidative stress in BAEC may not be applicable to the human situation.
EC isolated from different vascular beds and from different species may thus show clear differences in their ability to resist oxidative stress in response to Se supplementation. Although previous work using BAEC [7] may be of relevance to humans, it is essential to determine if Se can exert a similar antioxidant response in HCAEC. Since it is now known that TR is a selenoenzyme with an antioxidant action [8] , it is also important to establish if TR can be induced in HCAEC by concentrations of Se that are able to confer significant antioxidant effects.
In the present study we have thus used HCAEC, HUVEC and BAEC to determine if these cell types show differences in their ability to resist oxidative stress in the presence and absence of Se supplementation. We have also monitored the changes that occur in the activities of the three main antioxidant selenoenzymes, GPX-1, GPX-4 and TR, in response to small changes in Se supply. These studies were performed to investigate whether or not Se exerts important antioxidant actions on human EC, as is the case with BAEC. In addition, it was hoped to obtain evidence that TR is a potential mediator of the antioxidant actions of Se in human EC.
METHODS

Isolation and culture of HUVEC
Human umbilical cords ( 100 mm in length) were obtained at normal delivery or Caesarean section from non-smoking women. Immediately after delivery, the cords were placed into sterile Earl's balanced salt solution (EBSS) containing penicillin (100 units\ml), streptomycin (100 µg\ml) and amphotericin B (2.5 µg\ml), and kept at 4 mC. EC were isolated within 20 h of delivery using a method adapted from that described previously [14, 15] . Briefly, the umbilical vein was cannulated with a Venflon cannula (gauge 17\45 mm), which was then clamped into place. The vein was washed with 100 ml of EBSS (prewarmed to 37 mC) to remove any blood clots, and the outside was wiped using sterile gauze. One end of the cord was clamped shut and the opposite end was infused with 0.07 % (w\v) collagenase in EBSS (5-15 ml). The cord was then incubated at 37 mC in an atmosphere of 5% CO # \95 % air. After 10 min the cord was removed and massaged gently. The contents of the cord were flushed out with 30 ml of Ca# + -and Mg# + -free Hanks balanced salt solution. The resulting cell suspension was collected and centrifuged at 450 g for 10 min, and the cell pellet was washed once with endothelial growth medium-2 (EGM-2 : Biowhittaker Ltd, Wokingham, Berks., U.K.) containing penicillin (100 units\ml), streptomycin (100 µg\ml) and amphotericin B (2.5 µg\ml). The cells were resuspended in 15 ml of EGM-2 and plated out into one 75 cm# flask. This flask was then incubated at 37 mC in an atmosphere of 5 % CO # \95 % air. After approx. 5 h the HUVEC were washed with 2i10 ml of EGM-2 to remove any blood, contaminant cells and cell debris. The medium was replaced with a further 15 ml of EGM-2, which was replenished on alternate days during the culture period.
When the cells were approx. 90 % confluent, they were passaged into 12-well plates (for cellular integrity studies) or 75 cm# flasks (for enzyme measurements) containing Se-deficient medium to which had been added sodium selenite at concentrations ranging from 0 to 160 nM. The Se-deficient medium comprised M199 (Biowhittaker Ltd) supplemented with EGM-2 supplements [foetal bovine serum (2 %), hydrocortisone (0.04 %), ascorbic acid (0.1 %), long R insulin-like growth factor-1 (0.1 %), heparin (0.1 %), human fibroblast growth factor (0.4 %), human recombinant vascular endothelial growth factor (0.1 %), human recombinant epidermal growth factor (0.1 %) and gentamicin sulphate\amphotericin B (0.1 %)]. The Se content of the M199 culture medium containing the EGM-2 supplements was 4.7 nM, as determined by acid digestion followed by fluorimetric analysis [16] . The low but detectable Se content in the complete medium is likely to be due to selenoproteins present in the foetal bovine serum, since no Se could be detected in the M199 culture medium in the absence of EGM-2 supplements.
The cells showed the morphology characteristic of EC in culture, as described previously by Jaffe et al. [15] . Under the light microscope, cells were non-overlapping, large and polygonal. After 3-7 days in culture, a confluent single monolayer of contact-inhibited cells with a cobblestone appearance was apparent. Cells also synthesized von Willebrand factor, as determined by an indirect immunofluorescent detection system, characteristic of EC in culture [15, 17] .
Culture of HCAEC
HCAEC were purchased from Biowhittaker UK Ltd, and tested positive for the presence of von Willebrand factor and the uptake of acetylated low-density lipoprotein (an alternative method for the specific characterization of EC in culture) [18] . The HCAEC also displayed the characteristic morphology of EC, as described above.
HCAEC were initially maintained in EGM-2 containing penicillin (100 units\ml), streptomycin (100 µg\ml) and amphotericin B (2.5 µg\ml), and were cultured at 37 mC in an atmosphere of 5 % CO # \95 % air. Subculture of cells with various concentrations of sodium selenite (0-160 nM) was carried out in M199 with EGM-2 supplement additions, as described above for HUVEC.
Culture of BAEC
BAEC were purchased from Biowhittaker UK Ltd. The certificate of analysis supplied with this product stated that the BAEC tested positive for acetylated lowdensity lipoprotein. The cells were maintained in EGM-2 containing penicillin (100 units\ml), streptomycin (100 µg\ml) and amphotericin B (2.5 µg\ml), and were incubated at 37 mC in an atmosphere of 5 % CO # \95 % air. Subculture of cells with various concentrations of sodium selenite was carried out in M199 with EGM-2 supplement additions.
Determination of cellular integrity by measurement of lactate dehydrogenase (LDH) retention
Cell integrity was assessed as the percentage retention of LDH by the cell layer. Intracellular LDH activity and LDH in the culture medium was determined using an LDH kit method (Sigma Diagnostics Ltd, Poole, Dorset, U.K.) adapted for use on the Cobas Fara centrifugal analyser (Roche Diagnostics, Welwyn Garden City, U.K.).
All EC for cell integrity studies were plated into 12-well plates at a density of 10 000 cells\cm# and cultured for 5-7 days until confluent, using two changes of M199-based culture medium containing specified concentrations of selenite as described above. At confluence, the culture medium was replaced with fresh medium (1 ml) containing 100 µM t-BuOOH (and specified concentrations of selenite) and incubated for 20 h. The culture medium was then removed and kept, and the cells were washed with 2i1 ml of PBS, pH 7.4. The cells were lysed in 0.5 ml of 0.5 % Triton X-100 (in PBS). After 15 min the cell lysates were collected and the wells were washed with a further 0.5 ml of PBS ; the washings were combined with the respective lysates. Cell debris in the culture medium and cell lysates was removed by centrifugation of all samples at 11 500 g for 10 min prior to assay for LDH activity.
LDH activity was also measured in culture media that had not been in contact with cells, as a measure of endogenous LDH in the culture medium (blank).
Protection of EC from t-BuOOH toxicity by Se
The protective effects of sodium selenite against oxidative damage caused by exposure to 100 µM t-BuOOH for 20 h was determined by measurement of LDH retention, as described above. Cells grown in M199 containing added concentrations of selenite ranging from 0 to 160 nM were used for these experiments.
To examine the importance of a preincubation period with selenite, LDH retention in response to 100 µM tBuOOH for 20 h was also studied using cells grown in Se-deficient medium, but where selenite (at the specified concentration) and 100 µM t-BuOOH were added simultaneously. This protocol ensured that cells were not preincubated with selenite, as was the case for all other experiments.
All determinations were carried out in triplicate wells.
Effects of Se on selenoenzyme levels in EC
The effects of sodium selenite on the concentration and activity of TR and the activities of GPX-1 and GPX-4 were investigated in parallel cultures of EC (grown in triplicate 75 cm# flasks) used for the toxicity studies described above. After culture, cells were harvested by scraping and lysed in 0.125 M potassium phosphate buffer (pH 7.4) by sonication on ice. The levels of the selenoenzymes were then determined as described below.
Measurement of selenoenzymes
TR concentration
The TR concentration was measured by an ' in-house ' RIA using a primary antibody raised in rabbits to human placental TR. Second-antibody precipitation was employed, using pre-precipitated donkey antirabbit reagent, prepared by mixing 25 ml of donkey anti-rabbit serum with 1.5 ml of normal rabbit serum (Scottish Antibody Production Unit, Carluke, Scotland, U.K.) for 12 h at room temperature. After washing, the precipitate was made up to a final volume of 100 ml with assay diluent of 50 mM potassium phosphate buffer, pH 7.4, containing 0.1 % BSA, 0.02 % sodium azide and 10 mM dithiothreitol.
The tracer was "#&I-labelled human placental TR, prepared using Bolton-Hunter reagent (Amersham International plc). Standards were prepared using purified placental human TR diluted in foetal bovine serum (Gibco, Paisley, Scotland, U.K.)
The RIA was performed using duplicates of samples and standards as follows. Standard or sample (100 µl) was added with 100 µl of "#&I-TR tracer (10 000 d.p.m. ; 50 pg per tube) and primary antibody (100 µl). After an overnight incubation at 4 mC, donkey anti-rabbit reagent (100 µl) was added. After a further 1 h at room temperature with shaking, wash solution (0.05 % Brij solution) was added to each tube, followed by centrifugation for 30 min at 1800 g (4 mC). The supernatant was decanted and the precipitate was washed with a further 1.5 ml of wash solution. The "#&I radioactivity in the precipitate was counted in a multi-well γ-radiation counter, and results were interpolated using the LKB 1224-RIACalc RIA evaluation program.
TR activity
TR activity was measured using a method adapted from that described previously by Hill et al. [19] , based on the ability of TR to perform the NADPH-dependent reduction of the substrate 5,5h-dithiobis-(2-nitrobenzoic acid) (DTNB) to produce 5h-thionitrobenzoic acid. TR activity was determined by following the rate of DTNB reduction, measured as an increase in absorbance at 412 nm, using a Cobas Fara Centrifugal Analyser (Roche Diagnostics). To correct for the reduction of DTNB by substances other than TR, the assay was performed in the presence and absence of 720 nM aurothioglucose, a concentration that inhibits TR activity.
GPX-1 and GPX-4 activities
GPX-1 activity was determined by following the rate of NADPH oxidation at 340 nm in the presence of the substrate hydrogen peroxide, using a Unicam UV4 spectrometer with Vision software [20] . GPX-4 activity was measured using the same system as for GPX-1, but with phosphatidylcholine hydroperoxide as substrate [20] .
Statistical analysis
One-way ANOVA was used to test for significant differences in LDH retention in response to t-BuOOH. A Tukey-Kramer multiple-comparison post-hoc test was used to test for significant differences in LDH retention in response to t-BuOOH toxicity between cells with differing Se status. These statistical tests were also used to test for significant differences between levels of selenoproteins in EC cultured in different concentrations of sodium selenite.
RESULTS
Protection by Se of EC from t-BuOOH toxicity
Preliminary experiments demonstrated that exposure to 100 µM t-BuOOH for 20 h consistently produced a significant (P 0.001) decrease in LDH retention by EC, to values that were 20 % of those in control cells not exposed to t-BuOOH. HCAEC (Table 1) and HUVEC  (Table 2 ) had a similar sensitivity to 100 µM t-BuOOH, with approx. 13 % retention of LDH found in both of these cell types at the end of the 20 h incubation. In contrast, BAEC (Table 3) were significantly (P 0.01) more sensitive to 100 µM t-BuOOH than human EC, retaining only approx. 3 % of LDH after exposure to the hydroperoxide.
In each of the three HUVEC and two HCAEC cultures, preincubation with 40 nM sodium selenite achieved complete protection against the damaging effects of t-BuOOH (Tables 1 and 2 ). In three of the five experiments, significant but not optimal protection by Se was achieved at a sodium selenite concentration of 10 nM ; in one experiment using HCAEC, significant protection was observed with 5 nM sodium selenite (Table 2 ). In each of the two experiments using BAEC, selenite afforded significant protection against the toxic effects of 100 µM t-BuOOH (Table 3) . However, although 40 nM selenite afforded optimal protection to BAEC, this was by no means complete ; increasing the concentration of selenite to 160 nM provided no additional protection.
Preincubation with sodium selenite was required for protection against t-BuOOH toxicity. No protective Protection of human endothelial cells by selenium Table 1 Changes in selenoenzyme expression and resistance to oxidative damage caused by t-BuOOH in HCAEC supplemented with sodium selenite HCAEC were cultured in Se-deficient medium or the same medium supplemented with specified concentrations of sodium selenite until confluent in 12-well plates (LDH retention studies) or 75 cm 2 flasks (enzyme studies). LDH retention was measured in response to exposure to 100 µM t-BuOOH for 20 h. TR, GPX-1 and GPX-4 were determined as specified in the Methods section. All incubations were carried out in triplicate. Significant differences from Se-deficient cells : *P 0.05 ; ***P 0.001. HUVEC were cultured in Se-deficient medium or the same medium supplemented with specified concentrations of sodium selenite until confluent in 12-well plates (LDH retention studies) or 75 cm 2 flasks (enzyme studies). LDH retention was measured in response to exposure to 100 µM t-BuOOH for 20 h. TR, GPX-1 and GPX-4 was determined as specified in the Methods section. All incubations were carried out in triplicate. Significant differences from Se-deficient cells : *P 0.05 ; **P 0.01 ; ***P 0.001. BAEC were cultured in Se-deficient medium or the same medium supplemented with specified concentrations of sodium selenite until confluent in 12-well plates (LDH retention studies) or 75 cm 2 flasks (enzyme studies). LDH retention was measured in response to exposure to 100 µM t-BuOOH for 20 h. TR was determined as specified in the Methods section. All incubations were carried out in triplicate. Significant differences from Se-deficient cells : *P 0.05 ; **P 0.01 ; ***P 0.001. ND, not detectable. Table 4 Importance of preincubation with sodium selenite in conferring resistance of HUVEC to oxidative damage induced by 100 µM t-BuOOH HUVEC were cultured in Se-deficient medium or the same medium supplemented with specified concentrations of sodium selenite until confluent in 12-well plates. LDH retention was measured in response to exposure to 100 µM t-BuOOH for 20 h. In parallel, HUVEC cultured in Se-deficient medium for the same time period were treated for 20 h with a solution of 100 µM t-BuOOH containing the specified concentrations of sodium selenite (no preincubation). All incubations were carried out in triplicate. Significant differences from Se-deficient cells : ***P 0.001. effect was observed when selenite and t-BuOOH were added simultaneously to cells grown in Se-deficient medium (Table 4) .
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Selenoprotein expression in EC in response to sodium selenite
In all of the EC preparations, selenite added at 5-10 nM produced a significant (P 0.05) increase in the activity of TR, and 40 nM selenite resulted in maximal induction of TR activity (Tables 1-3 ). The concentration of TR was also increased maximally in the presence of 40 nM selenite in the human EC (Tables 1 and 2) . It was not possible to determine TR concentration in the BAEC, because bovine TR showed no cross-reactivity with the anti-(human TR) antibody. In BAEC grown in Sedeficient medium, we were unable to detect TR activity.
In the presence of 10 nM selenite, TR activity was measurable, with maximal activity found in the presence of 40 nM selenite. The TR activity in Se-supplemented BAEC was 25-fold lower than the activity in HUVEC or HCAEC.
Due to the limited number of cells, it was not possible to measure GPX-1 and GPX-4 activities in each of the preparations. In those preparations where these activities were determined, maximal induction was produced by 40 nM selenite. The mean inductions of TR activity, TR concentration, GPX-1 activity and GPX-4 activity in the five human EC preparations, expressed as multiples of the basal value, were (meanspS.D.) 3.76p1.01, 2.18p0.87, 3.38p1.86 and 2.54p0.36 respectively. The induction of TR activity in response to selenite was significantly (P 0.05) greater than the induction found in TR concentration. The activities of GPX-1 and GPX-4 in HUVEC grown in medium containing 40 nM Se (as selenite) were 0.086p0.024 units\mg of protein and 7.147p2.93 m-units\mg of protein respectively ; these values were not significantly different from the activities of these selenoperoxidases found in BAEC (GPX-1, 0.115p0.007 units\mg of protein ; GPX-4, 4.54p0.76 munits\mg of protein).
DISCUSSION
The numbers of experiments reported here are small. However, the results establish clearly that HUVEC and HCAEC cultured in Se-deficient medium can be completely protected from the toxic effects of 100 µM tBuOOH by the addition of Se (as selenite) at concentrations as low as 5-40 nM (Tables 1 and 2 ). Selenite added in the absence of t-BuOOH had no significant effect on LDH retention (Tables 1 and 2 ). The results also indicate that HCAEC and HUVEC have similar sensitivities to the harmful effects of t-BuOOH, and that the two cell types show similar responses to Se, in terms of the trace element's ability to confer an antioxidant action.
There were small differences in the sensitivity of the various human EC preparations to t-BuOOH toxicity. These differences probably reflect variability in endogenous antioxidant defence mechanisms, such as selenoproteins, catalase and superoxide dismutase, which all work in concert to maintain the cell's redox potential [21, 22] . Variable susceptibility to toxic agents between different isolates of HUVEC, and between passage numbers within the same isolate, has been reported in other studies [23] .
The ability of EC treated with 40 nM selenite to resist t-BuOOH toxicity is likely to be due to increased selenoprotein expression, since a preincubation period of EC with sodium selenite was necessary to confer protection. Similarly, skin cells in culture can only be protected from the lethal effects of UVB radiation by selenite if a preincubation step is performed [24] .
The modification of selenoprotein activity in response to Se supplementation in cultured cells has been widely reported. For example, Se supplementation has been shown to induce GPX-1 and GPX-4 activities in human and bovine EC [7, 25] . In the present study, we have now shown that the activities of GPX-1, GPX-4 and TR are increased in HCAEC and HUVEC by approx. 3-fold in response to selenite supplementation. The increase in TR activity in response to sodium selenite was greater than the corresponding increase in TR concentration, as determined by our RIA that is specific for the cytoplasmic TR isoenzyme. This discrepancy might arise if Se supplementation induces both the cytoplasmic and mitochondrial forms of TR in human EC [26] .
The concentration of sodium selenite (40 nM) that led to maximal induction of TR and the GPXs was identical with the selenite concentration that conferred complete protection against t-BuOOH toxicity. It was not possible to consistently find a concentration of selenite that conferred optimal resistance to toxicity and yet produced an increase in the activity of one particular selenoprotein. Thus our results in HUVEC and HCAEC indicate that TR, GPX-1 and GPX-4 are all likely to be involved to some extent in protecting the endothelium from oxidative damage. However, our data suggest that, in human EC (but possibly not BAEC), TR may be a particularly important selenoprotein as regards antioxidant action. This is because (i) human EC contain, on a molar basis, more TR than GPX-4 and GPX-1 [14] ; (ii) human EC contain quantitatively more TR than other tissues [14] ; (iii) TR is able to detoxify some damaging lipid hydroperoxides more efficiently than GPXs [27] ; (iv) TR expression is increased by doses of Se that confer protection from oxidative damage on the EC (Tables  1-3) ; and (v) BAEC are more sensitive to t-BuOOH than are human EC ; these cells have similar activities of GPX-1 and GPX-4, but much lower TR activity (Tables 1-3 ).
In conclusion, we have shown that small increases in sodium selenite concentration can confer highly significant protection against oxidative damage induced by t-BuOOH in HCAEC and HUVEC. Such protection appears to be related to the increased expression of selenoproteins, rather than to a direct antioxidant effect of sodium selenite. The concentrations of Se required to elicit optimal antioxidant protection are similar to the concentrations required to maximally induce the activities of TR, GPX-1 and GPX-4 in human EC, suggesting that each of these selenoproteins has important antioxidant actions. However, the very high expression of TR in HUVEC and HCAEC, but not in bovine EC, might indicate that TR may be a particularly effective antioxidant selenoprotein in humans. Our data are also consistent with epidemiological evidence indi-cating that low Se status predisposes to endothelial injury and atherosclerosis.
